The enzyme POR (protochlorophyllide oxidoreductase), from the family of alcohol dehydrogenases, reduces protochlorophyllide into chlorophyllide on the absorption of light. The reduction involves the transfer of two protons and two electrons and is an important regulatory step in the biosynthesis of chlorophyll. In recent years, due to the availability of large quantities of the pure enzyme, much of the catalytic reaction has been unravelled by using a variety of spectroscopic methods, including ultrafast initial events in catalysis. In addition, it has been demonstrated that a light-activated conformational change of the protein is necessary to activate catalysis. This makes POR a very important model system to study the relationship between structural changes of enzymes and functionality.
Introduction
The role of conformational changes in explaining the huge catalytic power of enzymes is currently one of the most challenging questions in biology [1] [2] [3] [4] [5] [6] [7] . Structural flexibility of proteins is considered to play a central role in, for example, the interaction between proteins, the interaction between proteins and substrates, allostery and catalytic activity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Several enzymes have been reported to have a resting configuration and an active configuration, and the dynamic interconversion between such different conformational states is important for catalysis [13] [14] [15] .
However, in principle, it is only possible to simultaneously study the real-time dynamics of catalytic intermediates and of conformational changes in enzymes where the reaction can be initiated by a trigger that is more rapid than the fastest dynamics involved. This possibility is afforded in light-driven enzymes, such as DNA photolyase, POR (protochlorophyllide oxidoreductase) and photosynthetic reaction centres. Reaction centres are transmembrane pigment-protein complexes that are responsible for catalysing light-driven charge separation and represent one of only a very few systems where electron transfer between redox centres can be monitored with femtosecond time resolution. The initial steps in the electron transfer reaction take place on a picosecond timescale, leading eventually to two-electron reduction of a bound quinone molecule on a millisecond timescale, after the subsequent absorption of two photons [16] [17] [18] . DNA photolyase induces the repair of UV-induced lesions in Key words: chlorophyllide, conformational change, Fourier-transform infrared (FTIR), hydride, protochlorophyllide oxidoreductase (POR). Abbreviations used: Chlide, chlorophyllide; Pchlide, protochlorophyllide; POR, protochlorophyllide oxidoreductase. 1 To whom correspondence should be addressed (email ml.groot@few.vu.nl).
DNA by scission of covalent bonds between neighbouring pyrimidines. Photoactivation of an FAD cofactor occurs via a fast (picosecond timescale) multistep electron transfer through a chain of three tryptophan residues [19, 20] .
These examples demonstrate that light-driven enzymes provide the opportunity to study the initial ultrafast steps in catalysis. However, in the present review, we focus on another enzyme, POR, which requires light for both catalysis and to induce a conformational change, which switches the enzyme from an inactive into a fully active state. A detailed review on POR, including studies on the POR A and B isoforms from green plants, can be found in [21] [22] [23] . In the present study, we provide a limited overview of previous spectroscopic investigations of the isolated POR complex from cyanobacteria, with a particular focus on recent time-resolved transient absorption experiments.
POR
POR catalyses the trans addition of hydrogen from NADPH across the C-17-C-18 double bond of the D-ring of Pchlide (protochlorophyllide) to produce Chlide (chlorophyllide) [24] . This is an important regulatory step in chlorophyll biosynthesis and the subsequent assembly of the photosynthetic apparatus [23] [24] [25] . Catalysis is induced by the absorption of light by the substrate Pchlide and, as the enzyme-substrate complex can be pre-formed in the dark, this allows the reaction to be triggered by a short laser pulse to follow the dynamics without the interference from substrate and cofactor binding reactions [23] . It is proposed that a conserved tyrosine residue donates a proton to the C-18 position [26] and a hydride is transferred from the pro-S face of NADPH to the C-17 position of the Pchlide molecule [ 27, 28] . Unfortunately, the structure of POR has not been resolved yet, but a homology model of the enzyme from Synechocystis was constructed using the tyrosine-dependent oxidoreductase family as a template [29] (Figure 1 ).
By illuminating POR-substrate complexes at low temperatures, intermediate states in the reaction pathway can be trapped and characterized by CW (continuous wave) fluorescence and absorption measurements. Consequently, by using this method, several spectroscopic intermediates before the formation of Chlide were detected, the first being a non-fluorescent intermediate with a broad absorbance band at 696 nm [30] . By using a combination of EPR, ENDOR (electron nuclear double resonance) and Stark spectroscopies, in conjunction with low-temperature absorbance spectroscopy, this intermediate was shown to be a charge-transfer complex resulting from hydride transfer from the NADPH molecule to the C-17 position of Pchlide [31] . Further intermediates were formed only above the glass transition temperature (200 K), suggesting a role for domain movements and/or reorganization of the protein, and were shown to correspond to a series of ordered product release and cofactor binding events [30] [31] [32] [33] . Recently, the latter were time-resolved (at room temperature), and release of NADP + was observed to occur with rates of 1.2 and 0.2 ms −1 and was followed by the binding of NADPH and release of Chlide with a rate constant of 20 s −1 [34] .
Ultrafast catalytic processes in POR
In addition, femtosecond transient absorption measurements have previously been used to study the initial ultrafast steps that are associated with formation of Chlide at room temperature. In these experiments [35] , the Pchlide molecule was excited at 475 nm by a 30 fs laser pulse, and the resulting absorption changes were detected in the 600-750 nm spectral range. Immediately after excitation, a negative signal was observed due to the bleached absorption and stimulated emission of Pchlide, reaching a peak at approx. 640 nm. After a further few picoseconds, a negative signal, corresponding to stimulated emission, appeared at approx. 674 nm. A global analysis of all time traces collected at 250 different wavelengths revealed that the appearance of this emission occurred with two time constants of 3 and 400 ps, and was correlated to changes in the region of the Pchlide-stimulated emission and bleached absorption region. The absence of this negative signal in measurements on Pchlide in solution and in a mutant (Y189F) in which the putative proton donor, Tyr-189, was replaced by a phenylalanine residue, led to the conclusion that this was a catalytic product. The exact nature of this product state (I* 675 ) remains to be determined, for example by the observation of kinetic isotope effects, a full exploration of subsequent events on the nano-to milli-second timescale or by investigations in the mid-IR spectral range, which in general lead to more structural information. Most likely, it represents an intermediate product, in which the Pchlide molecule forms strong hydrogen bonds with molecules in its environment, as was recently proposed to occur in Pchlide in solution using time-dependent density functional theory [36] .
Ultrafast dynamics of Pchilde in solution
Transient absorption and time-resolved fluorescence measurements on the Pchlide molecule in several solvents revealed Pchlide to be an intrinsically reactive molecule [37] [38] [39] : the absorption difference spectra showed an initial blue shift, followed by a progressive red shift of the signal. Time-resolved emission spectra demonstrated that the main band at 640 nm follows different dynamics from the shoulder at 700 nm. Normally, this shoulder would be assigned to a vibrational progression, in which case it would show the same dynamics as the main band. The complex dynamics were interpreted with a model describing the excited-state processes in terms of a branching of the initially excited-state population into a reactive and a non-reactive path. The reactive path entailed the formation of a state with intramolecular charge-transfer character in ∼25 ps and subsequent decay in 200 ps; the nonreactive path displayed vibrational relaxation in ∼4 ps only. The reactive pathway was populated only in polar solvents. On the basis of time-dependent density functional theory, these results were interpreted in a slightly different way [36] : the S1 states of both the isolated Pchlide and its coordinated and hydrogen-bonded complexes were found to be of intramolecular charge transfer character. Since only the 4 ps process was common to all solvents, this time constant was assigned to ultrafast vibrational relaxation and vibrational energy redistribution of the initially excited S1 state with ICT (intramolecular charge transfer) character, followed for polar solvents by site-specific solvation, resulting in a strongly co-ordinated and hydrogen-bonded intermediate state, in 25 ps. The traces at 677 nm show initially (black line) only the Pchlide excited-state absorption, which decays in a few nanoseconds; in later scans, I* 675 emission appears on a picosecond timescale (blue, green and magenta), and progressively more accumulated Chlide appears as a bleach of absorption at t = 0 (cyan and yellow).
Activation of the POR enzyme
In a subsequent study of the POR-Pchlide-NADPH complex, the ultrafast reaction dynamics were analysed in more detail to investigate the response of the enzyme to a single excitation pulse [40] . A Lissajous sample scanner was employed that moves the sample at a rate sufficient to provide each laser pulse out of the 1 kHz pulse train with a fresh spot on the sample and puts the same sample spot in the laser focus after approx. 1 min. A high detection-sensitivity of the laser pump-probe absorption difference setup (described in [41] ) ensured that a full dataset, consisting of 48 time points and 256 spectral points, could be collected within 1 min. Therefore datasets could be collected on excitation by a first pulse, a second, a third etc. For full experimental details, see [40] . The dynamics of the POR-substrate complex proved to be very strongly dependent on the number of pulses applied to the sample (Figure 2) . Following a single laser pulse, only minor dynamics in the Pchlide region were observed, with no I* 675 formation. However, after further laser pulses, stimulated emission from I* 675 appeared at 675 nm on the same timescale as reported previously [35] . To ensure a coherent description of all 55 datasets, collected as a function of the number of excitation pulses applied to the sample, the data had to be fitted to a model that included not only the dynamics and the 'delayed' appearance of I* 675 , but also the decreasing amount of Pchlide and the increasing amount of Chlide in the sample during the experiments. A good fit could be obtained with a model in which the POR enzymes were divided into two populations: one population that is inactive and shows intrinsic Pchlide photochemistry [38] , but does not lead to product, and an active population that also shows the formation of I* 675 (Figure 3) . The relative concentrations of inactive Pchlide, active Pchlide and Chlide that were obtained from this analysis followed profiles consistent with populations of non-, single-or twice-excited pigments. This suggested that one photon is needed to activate the POR complex and a second photon then induces catalysis. To see whether structural changes in the POR-NADPH-PChlide complex were associated with this activation, rapid-scan FTIR (Fourier-transform infrared) experiments were performed [40] . The initial laser shots induced absorption changes associated mainly with protein bands, amide I and II; subsequent laser shots induced absorption changes that could be assigned to the disappearance of NADPH and PChlide and the appearance of NADP + and Chlide. This showed (i) that indeed the first photon induces a conformational change in the POR enzyme that switches it from inactive to active, and (ii) that, when in the active state, a second photon can induce catalysis, which leads to Chlide formation with a quantum yield of 0.3.
Conclusions
The combination of a convenient model system, such as the light-dependent POR enzyme, and a carefully designed kinetic experiments allows the real-time observation of conformational changes leading to activation and the subsequent catalytic reactions. The case of POR clearly demonstrates the importance of conformational changes for catalysis in enzymes. We expect that further experiments on POR will lead to a full identification of the reaction path at room temperature and the identification of the early intermediate state(s) involved, and a better understanding of which structural changes lie at the origin of the activation process. The resolution of the structure of POR, either by X-ray diffraction or by NMR techniques, will undoubtedly be important in this process.
